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OF THEEXPERIMENTALAERODYNAMICLOADING

M3DELHELICOPTERROTORBLADE

ByJohnR. Meyer,Jr.,andGaetsmoFalabella,Jr.

Pressuredistributionsweremeasuredon a modelhelicopterrotor
bladeunderhoveringandsimulatedfor-ward-flightconditions.Pres-
sureswererecordedat advanceratios ~ of0.10,0.22,0.30,0.40,
and0.50fora zero-offsetflapping-hingerotorandat0.10,0.22,
0.30,O.~, 0.60,0.80,and1.0fora liftingrotorhavinga flapping-
hingeoffsetof 13 percent.

Analysesofthedataforthezero-offsetconditionat U=O.22
. and0.50 andthe13-percent-offsetconditionat V=0.22andl.0

arepresentedintheformof chordwisepressuredistributions,span-
wiseloadings,andcontourplots.Thecontourplots,showingthe

. loadingdistributionon thedisk,indicateda markeddifferencebetween
theaerodynamiccharacteristicsof thetworotorsoperatingunder
identicalconditions.Theintroductionofan appreciableamountof
flapping-hingeoffsetresultedina largefirst-harmonicaerodynamic
loadingin simulatedforwardflight.Therecordeddatanotanalyzed
areincludedina separategrouping.

Bladeflappingmeasurementsrevealedappreciablylowervaluesof
first-harmonicflappingcoefficientsfortheoffsetrotoras compared
withtheconventionalconfiguration.An analysisof theangleofattack
atthetipoftheretreatingblade,basedon experimentalflapping
measurements,indicatedthatan appreciableoffsetflappinghingein
cotiinationwitha lowblademassconstemtoffersa meansofpostponing
stallon theretreatingblade.

INTRODUCTION

Thecomplexflowpatternexistinginthewakeof a helicopter
rotorinforwardflightdoesnotconvenientlylenditselfto exact

. mathematicaltreatment.Consequently,atpresentthemathematical
investigations(refs.1, 2,and3)dealingwiththeinflowand
aerodynamic-loadingproblemscontaina numberof assumptionsand

.
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approximationswhichleavesomedoubtasto thevalidityofresults
obtaimed.Somemeansbywhichtheimportanceofthesesimplifications
canbe establishedappearsdesirable.

Fromthe6tructuralpointofviewtheactualrotorbladeloading
correspondingto variousflightconditionsisa subjectwhichwarrants
clarification,aspointedoutinreference4,sincethebending-moment
distri”Dutionisatpresentfora largepartdependentupontheaero-
dynamicloadsdeterminedby a theoreticalanalysis.

Thepreviousconsiderationsindicatea demandfordetailedinfor-
mationregardingtheactualaerodynamicloadingona rotorbladeunder
variousoperatingconditions.Itwasthepurposeofthisworkto
investigatethepossibilityofdetermining,by meansof a small-scale
wind-tunnelmcdel,theaerodynamicloadingona helicopterrotorblade.

At theoutset,a numberofmethodswereconsideredforcarrying
outthisstudy.Theyarebrieflyas follows:

(1)Determinationof thebending-momentdistributionsmddeflec-
tioncurveofa stiffblade.As a resultofthetestsperformedin
reference4 ithasbeenestablishedthatthebending-momentdistribu-
tionona modelrotorblademaybe experimentallydeterminedtoa good
degreeofaccuracy.Distributionsobtainedinthismanriercouldbe
differentiatedtwiceto obtainthetotalloadingontheblade.The
measuredbladedeflectioncurveyieldstheinertialoadingandhence
theaerodynamicloadingwouldresultfromthealgebraicsumof the
totalandinertialoadings.Thedisadvantagesofthismethodarethe
ratherlargeerrorthatmaybe introducedas a resultof thediffer-
entiationprocessandthehighdegreeofaccuracyneededinthedeter-
minationofthedeflectioncurve.

(2)Determinationof thebladedeflectioncurvealonefora very
flexibleblade.Themagnitudeofthebending-momentdistributionon
a veryflexiblebladeissmallmd consequentlythemagnitudeofthe
net-loadingcurve(differencebetweenaerodynamicandinertialoads)
fortheveryflexiblebladeisalsosmallcomparedwitheitherthe
inertia-or aerodynamic-loadingcurves.Henceanapproximationtothe
aerodynamicloadingmaybe obtainedbymerelyconsideringtheinertia
loadingon a highlyflexiblebladeasdeterminedby itsobserveddeflec-
tionduringoperation.Thetec~iquehereinvolvestheuseof a
stroboscopiclightwhichwould stop”thebladeat a givenazimuth
whilea cathetometermeasuresverticaldeflectionaboveanarbitrary
referenceplane.Thedifficultyarisinghereistheapplicationof
thisapproachto theforward-flightconditioninthewindtunnelsince,
forsatisfactoryloadingresults,thespanwisedeflectioncurvesmust
be determinedquiteaccuratelyata sufficientnumberof azimuths
throughouttherotordisk.
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(3)Measurementof airforcesona rotatingbladeby theuseof.
a pressurepickupunit. A pressurepickupunithasbeendevelopedat
theMassachusettsInstituteofTechnolo~whichisdirectlyapplicable
to thisproblemandprovidesa convenientapproach.Therotorsystem.
whichincorporatesthepiclmpwouldbe providedwithbladeshavinga
seriesoftubeswithappropriatelyspacedorifices.Thesetubeswould
runspanwiseandbe locatedatvariouschordwisepositionsonboththe
upperandlowersurfaces.A remotelycontrolledpressureswitch
locatedonthehubwouldselecttheorificesina chordwisedirection
andexposethepressurepickupmomentarilytothepressuredifference
existimgat a givenpairoforificesontheblade.A recordingoscil-
lographthenwouldyielda continuousrecordofthepressure-difference
variationat a pointas ittravelsin theazimuthdirection.From
thesedataaerodynamicloadingson theentirediskmaybe obtained
withconsiderableaccuracy,thoroughness,andconvenience.

Limitedsuccesswasobtainedintheattemptto applythefirst
twomethods;however,theexperimentaldifficultiesencounteredas
mentionedabovedidnotwarrantthetime,expense,andeffortnecessary
toovercomethem. Inpreferencetothefurtherdevelopmentofthe
firsttwomethods,thethirdbecauseof itscomparativesimplicityand
applicabilitywasselectedanddevelopedforuseinthisaerodynamic-

. loadinginvestigation.

ThisinvestigationwasconductedatM.I.T.underthesponsorship
andwiththefinancialassistsmceoftheNationalAdvisoryComnittee
forAeronautics.

SYMEQLS .

A totaldiskarea,sq ft

% constantterminFourierseriesthatexpresses~ (eq.(2))

al,bl coefficientsof cos V amd sin ~, respectively,in— —
expressionfor ~ (eq.(2))

CQ torquecoefficient,Q/pAf12R3

% thrustcoefficient,T/pAL22R2

c blade-sectionchord,ft unlessotherwisestated

e flapping-hingeoffset,ft unlessotherwisestated.

11 blademassmomentof inertiaaboutflappinghinge,
e

Slug-ftz
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rotorlift,lb

massofbladeperfootof radius,slugs/ft

totalmassofblade,slugs

rotortorque,ft-lb

bladeradius,ftunlessotherwisestated

radialdistancetobladeelement,ft unlessotherwisestated

rotorthrust,lb

componentatbladeelementof resultantvelocityperpendicular
bothtoblade-spanaxisand UT,ft/sec

componentatbladeelementofresultantvelocityperpendicular
toblade-spanaxisandtoaxisofno feathering,ft/sec

trueairspeedofhelicopteralongflightpath,ft/sec

inducedinflowvelocityatrotor,ft/sec

chordwisedistance,ft;also,inappendixA, ratioofblade-
elementradiusto rotor-bladeradius,r/R

rotorangleofattack,positivewhenshaftaxisispointing
rearwamfl,radiansunlessotherwisestated

blade-elementangleofattack,radiansunlessotherwise
stated;maximumvalueindicatedby sub-subscriptmax

bladeflappingangleatparticularazimuthposition,radians
unlessotherwisestated

massconstantof rotorblade

blade-sectionpitchangle,radiansunlessotherwisestated

inflowratio,(Vsinu - v)/Q.R

advanceratio, (Vcosa)/.QR

flapping-hingeoffsetratio,e/R

massdensityofair,slugs/cuft

.
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. a rotorsolidity

* bladeazimuthanglemeasuredfromdownwindpositionindirec-
. tionofrotation,radiamsunlessotherwisestated

Q rotorangularvelocity,radisas/sec

DESCRIFI’IONOFAPPARATUS

Rotorblades.-Themodelrotorbladedesi~wasdictatedby the
testingfacilitiesavailableandthedesireto obtaindatathatwould
be directlyapplicabletomodelspreviouslyusedinbending-moment
investigations(ref.4). Therefore,inagreementwiththisreference,
therotordiameterwas5 feet,theprofilewasNACA0015,andthechord
was3 inches.A two-bladedconfigurationwaschoseninorderto sim-
plifythehubandpitch-controldesign.Figure1 showsthearrangement
ofthetubesin thebladeandtheorificelocations.Alsoshowmare
thecrosssectionof thebladespar(steel)andtheleading-edgeweight,
insertedforthepurposeof obtainingchordwisebalance.A high-
stiffnessbladewasdesiredsinceitwasimperativethatthetubes

. imbeddedinthesurfaceofthebladeremainessentiallyunflexedif
leaksweretobe avoided.ThestiffnessEI whichresultedfromthe
steelsparwithbalsa-wedprofilewas43,000 lb-in.2andtheuniform
blademassdistributionm was0.0178slug/ft.Thesebladeswere
usedonthetworotorconfigurationsdescribedbelow.

Rotorwith13-percent-offsetflappinghinge.-Duringthedesign
stageoftherotoritwasdesiredto incorporateinternalpitchcontrols
inordertoproducea cleanconfiguration.As a result,theflapping-

andlag-hingeaxeswerelocatedat radialpositionsof 3% and$ inches,

respect~vely.Figure2 showsthebladeandthetwoadapterswhich
allowedthesamebladestobe usedeitherinthehinged-or fixed-at-
rootcondition.

Figure3 isa schematicdrawingoftherotorhubshowingtheswash
plateandpitchcontrolarms.Thebladesparextensionsrotatedin
ballbearingsandwereheldagainstcentrifugalloadsby a nutprovided
witha taperedpin. Thegearboxdetailisshowninfigure4-.Here
themainrotorpowerwastrsmsmittedthroughan offsetidlershaftso
thatthecollective-andcyclic-pitchcontrolrodscouldbe actuated
throughthehollowupperrotordriveshaft.Thecollective-pitch
yoke,locatedattheendofthecontrolrod,fittedintotherotorhub
annulus.Thecyclic-pitchcontrolrodwaslocatedwithinthecollective-

. pitchrodandwasconnectedto theball-bearingswashplatethrougha
linkage.Thesecontrolrodswereoperatedby individualsmallelectric

.



motorsthroughgearboxeswhichweremountedinsucha mannerthat
theoperationofonecontroldidnotaffectthepositionof theother
ccmtrol.Thiswasaccomplishedby attachingthecyclic-pitchgearbox
andmotorto thecollective-pitchcontrolrodby meaneofa slide.
Collective-andcyclic-pitchcontrolmotionsweretransferredto the
controlpanelbymeansofsmallautosynmotorsandindicators.The
autosynmotors,locatedintherotorcontrolgearbox,canbe seenin
figure40 Theindicatorswerelocatedina singleinstrumenton the
controlpanel(fig.5) sothatbladepitchcouldbe controlledand
readatalltimesduringtesting.

Rotorwithzero-offsetflappinghinge.-In ordertopermitcom-
parisonoftheaerodynamicloadingsona rotorwithappreciablehinge
offsetandonewithzerohingeoffset,a rotorhubhavinga flapping
hingelocatedontheaxisofrotationwasdesignedsadbuilt.Fig-
ure6showsa close-upofthehubarrangement.It canbe seenthat
thebladeswereindividuallyhinged;and,unlikethe13-percent-offset
rotor,thisdesigndidnotprovidecyclic-pitchchangeandthecollec-
tivepitchhadtobe adjustedbeforeoperation.Thepressureswitch
andpickupweremountedontopof therotorshaftextensioninsucha
mannerthattheywereindependentoftheblademotion.A viewof the
zero-offsetrotorwiththespinnerinplaceandinstalledinthewind
tunnelisshowninfigure7.

Rotormounts.-Inthehoveringconditiona conicalmountwas
employed.Thisconfigurationisshownin figure8 wheretherotor
diskwasapproximately10feetabovethefloor.Therotordrivemotor,
locatedinsidethecone,wassupportedwithitsshaftin thevertical
directionandtherotorshaftwasconnectedbymesmsof a universal
coupling.Thegearboxwithremotepitchcontrolswasnotincorporated
sinceitwasnotthoughtnecessarytohavepitchcontrolsforthis
condition.Thestreamlinedmountforwind-tunneltestsisshownin
figure9 wherethegearboxandrotorcanbe seeninstalled.Theentire
mountwaspivotedsothatvariousshaft-axisinclinationsa couldbe
obtained.

Liftandtorquemeasuringequipment.- Itwasconsideredadvisable
tomeasuretotalliftinorderto checktheaerodynamicloadings
obtainedfrompressure-distributionmeasurements.A strain-gagelift
balancewasthereforedesignedandincorporatedintotheequipment.
Thedeviceconsistedprimarilyof twocantileverbeamswitha totalof
fourstraingages(typeCD-7)placedintwoarmsofa Wheatstonebridge
circuitandconnectedtoa Baldwin-Southwarkstrainindicator.Accuracy
oftheliftbalancewaswithin0.2pound.Therotorhubassemblywas
allowedtomoveina directionparalleltotheshaftaxisbymesmsof
a slidingfitbetweenthemountandrotorassembly.A forkandarm
wereprovidedforcalibratingthebalanceandpreloadingthebesms.
Thisassemblycanbe seeninfigure9.

e

.
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. In regardto torquemeasurements,themotorwascalibratedto
obtainhorsepoweroutputas a functionofarmaturecurrentoverthe

11operatingspeedrange.Thecalibrationallowedtherotorinputpowqr. tobemeasuredwithin0.01horsepower.

Pressuremeasuingequipment.- Thepressurepickupemployedin‘
thisequipmentwasonedevelopedatM.I.T.whichutilizestheRCA
MechanoElectronicTransducer(RCAvacuumtube5734).Thepickup ;

I

consistsof twochsmbersseparatedby a thinmetallicdiaphragmwhih
is connectedto thesensitiveelementof thetransducer.Theoutpu:
of thepickupandit6associatedequipmentwasconnectedh a Conso dated
oscil.lographequippedwitha type7-1.12galvanometershavinga semi ivity
of 30in./ma.Theover-allsensitivityoftheentirepressuremess ing
systemwastheorderof0.20lb/sqin./in.ofgalvmometerdeflectin
whichallowedpressuremeasurementstithin0.01lb/sqin. A picturof
thepressurepickupis showninfigure10.

t
Thepressurepickupwasconnectedto the0.065-inchoutside-

diameter(insidediameter,0.045inch)stainless-steeltubesimbedd[d

1

intheupperandlowersurfacesoftheblade(fig.1)by meansof :
flexibletubinganda pressureswitch.Figuresl-land12 showthe

. stitchassembledandthearrangementoftheholesandslotsinthe
matingsurfaces.Theswitchwasdesignedinsucha mannerthata p ir
oforificeson oppositesurfacesofthebladewereconnectedto the1. twochsaibersof thepickupsimultsaeously.Themeasurementobtaine

1thereforewasthepressuredifferenceacrossa givenpointontheb}ade.
Thisschemeresultedina cancellationofthecentrifugal-forceeff’cts5ontheaircolumninthebladetubes.A featurewhichalloweddatato
be takenconvenientlyandquicklywasthezeroingdeviceincorporat~d
intothepressureswitch.Thisconsistedoftheenlargedslotswhic~
connectedthetwocrescent-shapedchannelsattwodifferentswitch
positionsandtherebyshort-circuitedor exposedthetwochambersi4thepiclmptothesamepressuretwiceperrevolutionofthepressure,
switch.Theresultwasa zero-pressure-differencesignalat thesetwo
switchpositions.Theswitchwasrotatedthrougha geartrainby a
smallelectricmotorwhichwasmountedontherotorhubandremote
controlledwhiletherotorwasinoperation.Figure13 showsthed
pressureswitchandpickupassembly.Electricalconnectionsweretie
to thisassemblyby a seriesofslipringsandbrushes.Inadditionl
to thesixsilverringstherewasa Bakeliteringhavingtwosmall.
metalcontactsforthepurposeofdeterminingtheazimuthpositiono
therotorbladesasa functionoftime.Thiswasaccomplishedby
includingthesecontactsina circuitwhoseresponsewasrecordedon
theoscillographstmultameouslywiththepressure-pickuptrace.

I
. Sincethepressurevariationsoccurringonthebladeinthes 1-

T

latedforward-flightconditionweretransmittedthroughtubesto the
pickup,itwasnecessaryto carryouta dynamiccalibrationof thep es-* suremeasuringsystem.Calibrationwasaccomplishedby attachinga mall

t
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.
chambertotheblade,as showninfigure14,andapplyinga veryclosely
approximatedsinusoidalpressurevariation.At oneendof thechsraber
a flush-typepres~urepickupwaslocatedwhiletheoppositeendwas
exposedto a givenpointonthebladethrougha rubberseal.The
diaphra~oftheflush-typepressurepickupw_sconsideredsufficiently
closetothebladeorificesothatnophase-lagoramplitudecorrection
wasnecessaryforthisresponse.Inthismannera calibrationwasmade
whichto a firstapproximationduplicatedoperatingconditions.A
pressurevariationovera frequencyrangeoffromO to 35cpswas
appliedtothechamberandtheresponseofthetwopressurepickupswas
comparedtoobtainamplituderatioandlaginformation.Resultsof
sucha procedurearegiveninfigures15(a)and15(b).!Thislagifior-
mationwasusedonlyinthefirstanalyses.Subsequentandfinal
analysesutilizedanothermet;odof correctiondescribedina section
under“DiscussionofResults.

.

Bladeflappingmeasurements.-Itwasdesirableto recordtheblade
flappingmotionforthetworotorsdescribedherein.An autosynwas
usedforthispurpose.A 400-cycleinputresultedinan envelopewhose
doubleamplitudedependeduponthepositionofthearmaturewhichin
turnwascoupledto theflapping-hingepin. Thearrangementcanbe
seeninfigures6 and7 . Theinputandoutputleadswerebrought .—

throughthesameslip-ringassemblythatwasusedforthepressuretests.
Theoutputwasrecordedonanoscillographsimultaneouslywiththe
signalfromtheazimuthindicator.Calibrationsoftheoutputdouble

c

amplitudeagainstbladeflappingangleresultedincurveswhichwere
linearwithin10percent.Sensitivityofflapping-motionrecording
equipmentwasof theorderof 100/in.of galvsmometerdeflection.

PROCEDUM

Cellophsmetapewasusedto covertheorificesontherotorblades.
Thetapeonthespanstationwheredataweredesiredwasremovedand
therotorwassetat anoperatingcondition.Thepressure-switchmotor
wasthenenergizdanditsspeedwasregulatedto givea satisfactory
record.Thisprocedurescannedthechordwisepressuredistribution
andresultedina recordsimilartothessmpleshowninfiwre 16.
Herea dashedlinehasbeendrawnwhichconnectsthetwozero-pressure-
differencelevelsandmeasurementsaremadefromthislinetothe
pressure-pickupresponsetrace.Thetraceisslightlydistortedby
@-cyclehash,butthisdoesnotinterferewiththeanalysisappreciably.
On shuttingdowntherotor,thetestspanstationwasretapedandanother
spanstationwasexposed.Thl.sprocedurewasrepeateduntila pressure
distributionfortheentirebladewasobtained.Total-1iftandtorque
dataweretakenattheoperatingrotationalspeedwithbladepitch .9
of0° andthenatthepitchsettingcorrespondingto theconditionbeing
investigated.
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.

Itshouldbe pointedoutthata numberofundesirableeffectsuponthe
preasuxepiclmpwereeliminatedby thezeroingfeaturebuiltintothe
pressureswitch.Mostimportsdcof thesewerecentrifugalforce
(althoughthesensitivediaphra~wasclosetothecenterof rotation),
temperaturechanges,anddriftintheelectricalequipment.Sincethe
zeropressuredifferencewasrecordedat thetimepressurerecords
weretakenthesevariouseffectswereautomaticallyaccountedforon
therecords.

Whentakingdatainthewindtunnel,thetapewasremovedfroma
givenspanstationanddatawereobtained,aspreviouslydescribed,at
a seriesof p conditions.Therotorandtunnelwerethenshutdown,
thesp~ stationretaped,andanotherspanstationexposed.Theprocess
wasrepeateduntilpressuredatafortheentirebladewereobtained.

Preparationforbladeflapping-motionmeasurementswasmadeby
disconnectingthepressure-pickupleadwiresandattachingtheautosyn
leads.Bladeflappingmotionwasthenrecordedontheoscillographat
conditionscorrespondingto theseriesselectedforthepressure-data
tests.

Alltunneltestsonthezero-offsetand13-percent-offsetrotors
wererunat a rotorangleof attackof -5°. Thepitchsettingforall
conditionswas8° exceptatthehighestadvance-ratioconditionfor
theoffsetrotorwhenthisanglewasreducedto 4°. Therotorshadno
cyclicpitchappliedinthesetests.

In regardto liftmeasurementsinthetunnel,itwasfoundthat
thelift-draginterferencewastoogreatandthereforethedatawere
notconsideredsatisfactoryforcomparisonwiththedataobtainable
fromthe
recorded
Reynolds

prgssuretraces.Thetorquemeasurementsweresatisfactorily
forthemodel,buttheirsignificsmceinviewofthelow
numberis questioned.

DISCUSSIONOF RESULTS

HoveringCondition

A ssmpleoscillographrecordfortherotorwithoffsetflapping
hingeinthehoveringconditionisshowninfigureI-6. Hereareseen
thedifferentpressurelevelscorrespondingtothevariouschordwise
positionsonthebladeandthezero-pressure-differenceconditionat
bothendsofthetrace.Theresultingchordwisepressuredistributions
fortheconditionof e = 8° and800rpmareshownin figure17. These
curveshavebeenintegratedsadplottedto obtainthespsxwi.seaero-
dynamicloadingshownin fi~re 18. Notethatdatahavenotbeen

.
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obtainedat everyspanstationavailablesincethedistributionis
satisfactorilydeterminedby thepointsshown.An integrationofthe
spanloadingresultedina totalliftononebladeof 3.9pounds.
Assumingthatbothbladesproducedthesameamountoflift,thetotal
liftonthetwo-bladedrotorwas7.8poundswhichchecksthetotal
liftbalancereadingof 7.9poundssatisfactorily.Thiscondition
correspondsto CT = 0.0038, L = -o.oh4.,and CQ ‘0.00029.

. .

Anotherhoveringtestwascarriedoutwiththebladesfixedat
therootunderthessmeconditions(800rpmand 6’= 80). Itwas
expectedthattheresultswouldbe identicalto thoseobtainedfrom
thehinged-at-rootcondition.Thiswasessentiallyrealizedsincethe
totalliftbalancereadingof 7.6 poundswasobtainedagainstan inte-
gratedresultof7.4pounds.Theslightdiscrepancybetweenthemeas-
uredtotalliftreadingsforthetworootconditionscanbe attributed
to slighterrorsinbladepitch,rotational6peed,andtheliftbalance.
Theloadingcurveisnotpresentedsinceitisessentiallythessmein
characteras thatshowninfigure18.

SimulatedForwafi-FMghtCondition
.

Amplitude-ratioandlagcorrectionofpressuredata.-Thesmplitude-
ratiocurvesof figures15(a)providethenecessaryinformationfor
correctingthepressuredataforamplitudedistortionwhendesired.
Inasmuchastheover-allloadinginvestigationwasconsideredbasic
andexplorative,itwasnotconsideredessentialat thistimeto cor-
rectthepressuredataforamplitudedistortion.Testingwaslimited
to a maximumrotationalspeedof800rpmwhichcorrespondsto a first-
harmonicfrequencyof13.3 cps. Examinationoffigure15(a)showsan
averageerrorofapproximately10percentat thisfrequency.The
amplitudeerrordecreasesatthesecond-hamnonicfrequency.However,
responseat frequencieshigherthanthosecorrespondingtothesecond
harmonicisseentobe highlydampedandthereforemuchinerror.It
isfeltthatthedatado notadequatelyrepresenttheaerodymmic
loadingbeyondthesecondharmonicifthethirdandhigherharmonics
actuallyexistedinsignificantstrength.

Theproblemofcorrectingthepressuresignalsforlaginthesystem
wasmentionedbrieflyina previoussection,butthemethodreferredto
therewaseventuallydiscardedinpreferencetoa moredipectapproach.
Thispresentmethodtakesadvantageofthetheoryforan offsetrotor
developedinappendixA andthemeasurementofbladeflappi~motion.
Thesemeasurementsmadeitpossibletodeterminetheazimuthofmaximum
flappingforallconditionstested.Inaccordsmcewiththeresultsof
theanalysisinappendixA, themaximumpositiveinertiamomentoccurs
whentheflappingangleisa positivemaximum.Fromequilibriumcon-
siderations,it isnecessazythattheaerodynamicmomentaboutthehinge
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be a positivemaximumalsowhentheflappingangleis a positivemsximum..
Therearethreepossiblewaystheaerodynamicmomentmaychange;na.mely~
by a constantloadingvectorchangingitspositioninthespanwise
direction,by a varyingvectoractingata givenspanwiseposition,or
by a combinationof thetwo. It canbe seenfromthespaawiseloadings
atfourazimuth(e.g.,seefig.Z3)thattheresul.tsatloadspass
throughapproximatelythesamespanwiseposition.Theconclusioncan
thenbedrawnthatnotonlydoestheazimuthofmaximumflapping
indicatethepositionofmaximumaerodynamicmomentbutalsothe
azimuthofmaximumaerodynsdcloading.Theresultthereforegives
risetoa boundaryconditionwhichenablesa ratheraccurateandcon-
venientlagcorrectiontobemade. Sincetherotorwithzerofhpping-
hingeoffsetmakesuseofthesamepressuremeasuringsystem,thesame
lagcorrectionsapply.

Bladefla}pingmotion.-Harmonicanalysesofallthebladeflapping-
motiondataweremade(seeappendixA) andtheresultsareshownin
figure19. Theeffectof introducinga flapping-bingeoffsetcanbe
readilyseen.Thecosinecomponentof flappingwasreducedconsidera-
bly,thesinecomponentincreasedslightly,andtheapparentw range
overwhichoperationcouldbe sustainedwithoutexcessivevibration
almostdoubled.Althoughdatawereobtainedwiththe13-percent-offset

. rotorat w = 1.0 thesedatahavenotbeenincludedin fi~e 19 since
thepitchsettingwas4° forthisconditionrathert~ 8°. Only
steady-stateandfirst-harmoniccomponentshavebeenrepresentedsince.
thehigherharmonicsingeneralwerelessthan10percentofthefirst-
harmonicvalues.Thisissignificantwhenapproachingtheproblemfrom
ananalyticalpointofviewinasmchas it indicatesthata neglectof
higherharmonicsdoesnotgreatlyaffecttheresults.

*
Rotorwithoffsetflappingbinge.-Theoscillographrecordswere

analyzedby firstdrawinga referencelineconnectingthetwozero-
pressure-differencelevelsat eachendofa givenrecord.Usingthe
azimuthindicatormarkson therecordsandtheappropriatelagcorrec-
tions,theazimuthandpressure-differencescaleswerelaidouton
eachofthesixtracesrepresentingtheresponseofthesixchordtise
locationsat a givenspanstation.Thecycleswerethencutfromthe
recordsandassaibledinpropersequenceas shownfortheexamplesin
figure20.

Itwillbe notedthatthepressure-differencetracesconformwith
physicalexpectationsinthata highpressurelevelisfoundnearthe
leadingedgeanddmnishes to a lowerlevelintheneighborhoodof the
trailingedge;and,inaddition,thepressuredifferencesgradually
buildup spantisefromtheinboardsectionof thebladeouttowardthe
tipandthenproceedtofalloffabruptly.However,on exminingw. oneofthecyclesfortheconditionwheretheflappinghingeis offset,

.
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ittillbe clearlyseenthatthereexistsa largeamountoffirst-
harmonicvariationwitha concentrationof loadingat ~ = 150°. It
wasfeltthatthisfirst-harmonicaerodynamicloadingwouldhavetobe
substantiatedandthephenomenonmorefullyunderstoodifthedatawere
tobe acceptedas freefromanyshortcomingsinthepressuremeasuring
eqtipment.

An experimentalcheckwascarriedoutthereforeontheequipment
inthefollowingmanner.Themodelwiththeoffsetflappinghinge
(~= O.13)ws setUP outsidethewindtunnelandoperatedwithvarious
amountsof cyclicpitchwhichresultedin certainmagnitudesofblade
flapping.Itwasfoundthata considerablewnountof first-harmonic
pressurevariationwithazimuthresultedwhichsubstantiatedthewind-
tunneltests.Therotorwasthentemporarilymodifiedtoa teetering
configuration(~= O),butitwasnecessarytoremovethepressure-
swltchasseniblysincetheannularhubwasfreetopivotandthetest
couldnottoleratetherelativelylargemassconcentratedabovethe
teeteringaxis. Thepiclmpalone,however,wasmomteddirectlyon
thehubwhichmadeitpossibleto obtainthepressure-difference
responseofa pairoforificesduringa givenrun. On operatingthe
rotorwithcyclicpitchas above,itwasfoundthattherewasno
appreciablevariationinpressuredifferencewithazihuthwhichis in
accordancewiththeoryandphysicalexpectations.Thisprelimina~
testdemonstratedthattheaerodynamiccharacteristicsofa rotorwith
relativelyheavybladesareappreciablymodifieduponintroducinga
flapping-hingeoffsetoftheorderof10percent.

It iswell-knownthatfora rotorwithzeroflapping-hingeoffset
thefirst-hannoni.caerodynamicloadingisverysmallsincethereisa
cancellationof thefirst-harmonicinertiamoments.However,theanaly-
sisgiveninappendixA pointsoutthatwiththeintroductionof a
flapping-hingeoffsetthisisnotthecase.An appreciableamountof
first-harmonicaerodynamicmomentisnecessazytosatisfytheequilibrium
conditionat theflappinghinge.Furthermore,an analysisof theangle
of attackof theblade ar at thetipshowsthattheoffsethasthe
effectofdecreasingthemaximumangleofattackascomparedwiththat
of a rotorhavingzerooffsetunderthesameoperatingconditions.The
comparisonis showninfigure21. Anotherinterpretationofthisresult
isthattheintroductionofoffsetenablesa liftingrotortooperate
aero@mmicallyatanappreciablyhighervalueofadvanceratiowithout
adversestalleffects.Obviouslythestructuralandvibrationproblems
thatwouldbe introducedby wnappreciableoffsetbladedesignneed
investigatingbeforea conclusionasto themeritofsucha designmay
be reached.It shouldbenotedthattheblademassconstanty ofthe
rotorstestedwasapproximately2,whichislowcomparedwiththatof
conventionalrotors.Thesignificmceofthehingeoffsetisdiscussed
ingreaterdetailinappendixA.

.

.

,

.
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. Analysesofrawdatawerecarriedoutforadvanceratiosof0.22
and1.0fortheoffsetrotor.Thegeneralprocedurein carryingout
ananalysiswastopickoffpointsfromtheoscillographtracesat four
azimuths~“ apart,theazimuthcorrespondingtomaximumpresmredif-
ferencebeingoneof thesepositions.Itwasthenpossibletoplot
chordtisepressure-differencedistributionsateachspanstationfor
thefourazimuthsas shownin figure22. Thechordwisedistributions
werethenintegratedto obtainspanwiseloadingdiagrams,examplesof
whicharegiveninfigure23. Theanalysiswasextendedby taking
pointsfromthesecurvesandplottingaerodynamicloadingagainst
azimuthfora seriesof radialstations.Loadingswerethenreadfrom
theresultingcurvesat 30°intervalsandtabulatedforthepurposeof
constructinga contourplotshowingtheaerodynamicloadingoverthe
entirediskas exemplifiedby figure24. Thedataandplotsforthe
~ = 1.0 conditionareshowninfigures25to 27.

In constructingthechordwiseplotsmentioned,itshouldbe noted
thata certainamountofextrapolationwasnecessaryin thevicinity
of theleadingedgebecausephysicallimitationsdidnotpermitdata
tobe convenientlyobtainedinthisneighborhood.Therelativelyhigh
pressuredifferencesrecordedat chordstation6 fortheanalyzedcon-

. ditionof w = 0.22 and ~ = 0.13 (fig.22)arenot inagreement
withusualchordwisepressuredistributions.In factallthetraces
(seeappendixB) fortheoffsetrotorunderconditionsof u = 0.10

. throughp = 0.4.5showthatchordstation6 experiencespressuresof
thesamemagnitudeas station5. However,thisunusualaerodynamic
effectwasnotrecordedfortheadvanceratiosof0.60,0.80,and1.0.
Interestingly,thereisno evidenceofthisphenomenononanyof the
zero-offsettraces.To attributethecauseto faultyinstrumentation
on theevidenceavailabledoesnotseemanymorereasonablethanto
expectthatthisunusualflowco~ditionreallydoesexist.Inthe
absenceofmoredefiniteindications,thecurvesof figure22were
drawninaccordancewithconventionaltheory,althoughit ispointed
outthatfurtherinvestigationmayshowfairingthecurvesinthis
mannertobe incorrect.It isfeltthattheabovetwoapproximations
introducedlittledistortionintheover-al-1picture.

It shouldbe notedthat,sinceno cyclicpitchwasappliedto the
offsetrotor,rollingandpitchingmomentswereexperienced.Thetest
equipmentdidnotprovideforthemeasurementof thesemoments;however,
a discussionoftherollingandpitchingmomentsonan offsetrotoris
presentedinreference5. Applyingtheexpressionsgiventheretothe
rotorundertest,thepitchingandrollingmomentsbecome3.20and
4.72ft-lb,respectively,for W= 0.22,and8.27and14.4ft-lbfor
P=O.&l.

.
In regardto thefixed-at-rootrotorbladeconfigurationin simu-

latedforwardflight,an attemptwasmadetoobtainpressuredataat.
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highvaluesof advanceratiobuttestswerecurtailedby thefailureof
a rootfittingduringoperation,Furthertestingofthefixed-at-root
bladeat thi6timewasdiscontinuedinasmuchasadvance-ratiodataup
toandincluding1.0hadbeenobtainedfromthe13-percent-offsethinged
blade.

Rotorwithzero-offsetflappinghinge.-An analysisofthepressure
dataforadvanceratiosof0.22and0.50was“carriedoutforthezero-
offsetrotorinthesamemannerasthatdescribedinthesectiononthe
13-percent-off9etrotor.Therawdataandplotsderivedtherefromare
giveninfigures28to 34. Theseparticular_advanceratioswerechosen
since0.22wasthelowestp analyzedinthecaseoftheoffsetrotor
and0.50wasthehighestp atwhichdatawereobtainedforthezero-
offsetrotorbecauseexcessiveflappinglimitedoperationtothiscondi-.
tion.Theratherhighhashlevelinmanyoftherecordsisofa &3-cps
natureandwasdueto otherequipmentoperatinginthelaboratoryat the
timetheserecordsweretaken.Analyseswerenotseriouslyhsmperedby
thiseffect,however,sincea curvecouldreadilybe fairedthroughthe
60-cyclehashto representthetruepressurevariation.

Itwillbe notedfromfigure28,showingtheoscillographtraces
ofthepressure-differencevariationsat w = 0.22,thatthereexist
onlyrelativelysmallvariationsinliftwithazimuth.

.
Thiseffectis

showninthecontourplotoffigure31. Theresultsof testscarried
outasan extensionof theworkdescribedinthisreportindicatepres-
suredatawhichareverymuchthesameas thosedescribedaboveexcept

—

fora second-harmoniccomponentofgreatermagnitude.Theaerodynamic
loadings,forthezero-offsetconditioncontainedherein,shouldthere-
forebe appliedwithdiscretioninthedeterminationof inflowsnd
othercaseswherethesecond-harmoniccomponentmaybe of importance.

Thedatafor w = 0.50 showcertainlowliftregionsdueto
eitherstalledareas(lowReynoldsnumberorhigh o+)orareasof
relativelylowvelocity,duringtheretreatingportionofthecycle.
Thepressure-differencevariationsassociatedwiththeseregionshave
almosta square-waveappearance,particularlynoticeableinfigures32(a)
to 32(d).Consequently,thecontourplotforthiscondition,asshown
infigure34,indicatesanaerodynamic-loadingconcentrationinthe
regionof y = 60°. Thetwocontourplotsmentionedhereillustrate
theshiftinaerodynamic-loadingdistributionwhichisassociatedwith
a changeinadvanceratio.Theuniformityoffloadingappearstodis-
appearathighervaluesof w becauseofthe.influenceof largereverse
flowregionsandinthecaseofmodeltestingpossiblescaleorReynolds
numbereffects(apyendixC).

.

.
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CONCLUSIONS

Pressuremeasuringequipmenthasbeendevelopedandappliedtothe
problemofdeterminingtheaerodynamicloadingona modelhelicopter
rotorbladeinhoveringandsimulatedforwardflight.A zero-offset
flapping-hingerotoranda liftingrotorhavinga flapping-hingeoff-
setof13percentweretested.Fromthisinvestigationitwasfound
that:

1.Inthehoveringconditiontotal-liftmeasurementsandintegrated
pressuredistributionswereingoodagreement.

2.Intheforward-flightconditiontheaeromc loadingofthe
zero-offsetrotorwasinaccord-ccwithexpectations,buttheintrciiuc-
tionofappreciableoffset(13percent)resultedina largefirst-
harmoniccontribution.Thisphenomenonw% substantiatedby analysis.

3. Contourplotsof comparableoperatingconditionsrevealeda
highlyconcentratedloadingonthediskof the13-percent-offsetrotor
nearanazimuthof 150°in contrastwiththesubstantiallyuniform
loadingofthezero-offsetrotor..

4.Bladefla~pingmeasurementsrevealedappreciablylowervalues
. of first-harmonicflappingcoefficientsforthe13-percent-offsetrotor

as comparedwiththeconventionalconfiguration.Higherhammnicswere
foundtobe negligibleforalltestconditions.Excessiveflapping
limitedoperationofthezero-offsetrotorto an advanceratio p of
0.50witha blade-sectionpitchangleof8° anda rotorangleof attack
of -5°,whereasthe13-percent-offsetrotorwasoperatedthrough
v = O.&l forthesanevaluesofpitchangleandangleof attack.A
conditionof w = 1.0 wasobtainedwiththelatterrotorat a reduced
pitchsettingof4°.

5.Angle-of-attackanalysesindicatedthatanappreciableoffset
flappinghingein combinationwitha lowvalueofblademassconstant
offersa meansforpostponingstallontheretreatingbladeandthereby
permitsliftingrotoroperationat highervaluesofadvanceratio.

MassachusettsInstituteofTechnoloW,
Cambridge,Mass.,May1, 1952.
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ANALYSISOFA ROTOR

AWENDIXA

BLADEWITHOFFSETFLAYPINGHINGE

Thisdevelopmentdemonstratesthenecessityfortheexistenceof
a first-harmonicaerodynamicmomentona flappingrotorbladehaving
anappreciableamountofflapping-hingeoffset.Thebladeangle-of-
attackexpressionisderivedwhichincludestheeffectofoffset.
Experimentalbladeflappingcoefficientarepresentedandusedinthe
calculationofthemimum bladeangleatthetipforthetworotor
offsetconditionstested.

BladeEquilibriumComideration

Considerthebladeshowninthefollowingdiagrmn:

al I

t--1
+Y’ti

e E
I

!3 Wlzp~
—.—

I

7
——.~’———.

FlapTinghinge (x- ~)R~

I-—————R——————+
~= e/R x= r/R

andtheequilibriumofaerodynamic
hinge:

Let
the

~’(x-E)RdL =~’ [W2R2(X

fiflzdnlb

—

%

~=mdr

andinertiamomentsabouttheflapping

(1)

theflappingangle ~ be representedby a harmonicseriesthrough
firstharmoniconly.Then:

p.% - al cosv - bl sin~ (2)

.

w
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b.

Differentiatingtwice:

. . .
P = alf22 Cos~ + 1)1.Q2sin~ (3)

Notethat

x(x- H=(X-E)2+E(X -E) (4)

Substitutingequations(2),(3),and(4)intotheright-handsideof
equation(1),theinertiamomentbecomes:

Iq sin$)+ (x-
1

~)2(a~cos$ + b~ sin$) ~ (5)
.

. Let:

.

.

11= R2
f

(x- E)2q
‘$

(6)

(7)

where 11 isthemomentof inertiaofthebladeabouttheflapping
hinge.Lettheinertiamoment,givenby expression(5),be Mi. With
relations(6)and(7),expression(5)becomes:

Mi—= ~f?(l + ~)- alf12~cos~ - b~!0.2\sin$ (8)
11
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whichcanbewrittenas: .

.
Mi
— ‘ .@ + @
11 (9)

Fromequations(1)and(9)it canbe concludedthattheremustexista
first-hamonicaero@mnicmomentproportionalto theflappingmotion,
However,whenhigherharmonictermsareintroducedintheflapping
expression,eqmtion(2),theharmonicinertiaandconsequentlythe
harmonicaerodynamicmomentsarenotproportionalto p alone.There-
fore,theaerodynamicmomentand ~ aresimultsmeouslya msximumonly
whenharmonicshigherthanthefirstarenegligibleintheflapping
motion.

BladeAngle-of-AttackConsideration

Thebladeangleofattack~ canbe developedas follows:

(lo)

(I-1)

Fromequation(2):

i = a10sin~ - bl~COS$ (12)

Substitutingequations(2)and(12)intoequation(n) theexpression
for + becomes:

A-(x- !)(alsin~-bl cos~)-~(~-al cos$-bl sin~) cosv
% =e+

X+V sinv

(13)

.
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Therecordsofbladeflappingmotionhavebeenanalyzedharmonically. andtheresultsforthetwohingedconditions5=0 and ~ =0.13 are
presentedinfigure19. Thezero-offsetconditionwastestedup toand

. includinga w of0.50;theoffsetconditionwastestedthroughP = 1.0.
However,theflappingdatarecordedat w = 1.0 arenotincludedin
figure19becausethepitchsettingforthistestwaschangedto 4°.
An estimateoftheflappingat p = 1.0 forcomparisonwiththeother
advsnceratioscanbe obtainedby extrapolatingtheflapping-coefficient
curvesfrom ~=o.m. Thesteady-statevaluesof flapping~ are
representedby dashedcurvesforboththeflapping-hi~eoffsetcondi-
tions. Thesevaluesaresmallandareaboutthesizeof theexperimental
error1/4°;consequently,theycannotbe consideredreliabledata. The
~ coefficientshavebeenincludedthoughas a matterof experimental
completenessandforpossiblefuturecomparisonor reference.

Theexperimentalflappingdatahavebeensubstitutedintoequa-
tion(13)for ~ to findthemaximumangleofattackat thetipof
therotorbladeforthevariousadvanceratiostested.A smallconstant
positivevalueof ~ Wasassumedinthecaseof ~ =0.13. lm arbi-
traryvariationin ~ of 1/2°resultedinlessthana 3-percent
changeinthevaluesofangleofattack.Intiewof this,theassump-
tionof1/2°for ~ =0.13 wasconsideredjustifiable,negativeconing
anglesbeingunlikely.A similarapproximationof ~ wasnotneeded
inthecalculationof ~ forthezero-offsetconditionbecausethe

. azimuthofmaximumangleof attackoccurredverycloseto v = 270°.

Theplotsof a(l.o)m resultingfromthesubstitutionofthe

experimentaldataintotheexpressionforangleof attackappearin
figure21. Notethattheoffsetrotor,experiencesmuchlowervalues
of a at thetipthanthezero-offsetrotor.Theazimuthatwhich

‘max
‘(l.O)H occursfortheoffsetrotorvariesfrom ~ . 225° at p = 0.30

to * = 200° at K = 0.80. Operatingconditionsexceptforthehinge
locationwereidentical,andtheblademas6constants(y= 1.8) were
approximatelythesame.

SignificanceofOffsetFlappingHinge

Ithasbeendemonstratedthattheeffectof introducinga flapping-
bingeoffseton a liftingrotorhatinga lowvalueof 7,operatingwith
itsshaftaxisforwardtithoutcyclicfeatheringina tindtunnel,is
toproducean appreciableamountof first-harmonicaerodynamicloadi~
onthedisk.Theresultingdistributionof aerodynamicloadingin. forwardflightisof sucha naturethatthebladeloadingisreducedin
thelowvelocityregionandincreasedinthehighvelocityregion.The
flappingcharacteristicsarealsomodified,aspointedoutina preceti~
“sectionandinvestigatedinreference5, inthattheflappingmotioncan
be considerablyreducedfortheoffsetconditionnotedabove.It
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shouldbe emphasizedthattheblademassconstant7 isof importance
inproducingtheaboveeffects.Lowvaluesof y arerequiredin com-
binationwithoffsettominimizetheflappingmotion.

Therotorbladeangle-of-attackvariationsarenaturallyinflu-
encedby theloadingdistributionandtheflappingmotionthatare
requiredforequilibrium.Theexperimentalresultsgiveninthis
reportindicatethata pronounceddecreaseinthemaximumangleof
attackisexperiencedby thebladetipatalladvsnceratiosupon
introducingan offsetof13percentanda blademassconstantof 2.
Reference5 exploresthisphenomenonfroma theoreticalapproachand
verifiestheexperimentalresultstoa closeapproximation.The
decreaseinmaximumbladeangleof attackcanbe understoodwhenthe
aeroi@amic-loadingdistributionrequiredforequilibriumis considered.
Aerodynamicloadingandflappingmotionforanoffsetrotoraresuch
thata shiftintheazimuthofmaximumangleOf attacktakesplace.
Theshiftis froma lowvelocityregion(w. 270°)to oneof rela-
tivelyhighvelocity(v% 2200).Thiscoupledwiththereductfonof
liftintheregionof v x 220° allowsthebladetooperateat a
lowervalueofmaximumangleofattackundera givensetof conditions.

As an exampletakenfromreference5, thecombinationof 7 = 4
andan offsetof0.20resultsinthefollowingcharacteristicsat
p =0.60: A concentrationofaerodyzmmlcloadingatapproximately
theazimuthof140°,first-harmonicflappingcoefficientsof al .5.70
and bl = -5.0°,a msximumbladeangleofattackof14°,tippath
ylaneapproximatelyhorizontalwiththeshaftaxisinclinedforward
5.5°,andno sacrificein lift.

It shouldbe notedthat,ifan offsetrotorisoperatedwiththe
properamountsof cyclicpitchtoresultinzeromomentsatthehub,
theaerodynamic-loadingdistributionwouldreverttothatproducedby
a zero-offsetrotorwithsimilarbladeangle-of-attackimplications.

Thequestionofan offsetrotor,operatingwithoutcyclic
feathering,beingcapableofproducinga propulsiveforceisonewhich
requiresclarificationanditisanticipatedthatsomeinformationin
thisregardwillbe forthcomingthroughinvestigationsnowinprogress.

.

.
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AFPENDIXB

UNANALYZEDDATA

Therawdataintheformofoscillographrecordsareincludedas
figures35to42 forthepurposeof generalinformationandcomplete-
ness.Thelagcorrectionshavebeenintroducedbutno attemptat
analysishasbeenmade. Recordsat advsaceratiosof0.10,0.30,
andO.@ forthezero-offsetrotorand0.10,0.30,O.~, 0.60,and
0.$0forthe13-percent-offsetrotorwe presented.

21

.

.
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APmNDIxc

SCALEEFFECT

Increasedusageofwind-tunnelmodeldatahascausedgrowing
concernabouttheeffectsofscaleorReynoldsnumber.

An investigationhasbeenconductedtodeterminethescaleeffect
onmodelrotorpressure-distributionmeasurementsfortheexperimental
equipmentusedherein.Thegeneralconclusionhasbeenreachedthat
forthesimulatedflightconditionsof v = 0.22 no appreciableerror
wasintroducedbecauseofscaleeffect.Fortheconditionof M = 0.30,
theregionaroundthe ar contourof ll”appearstobe somewhat
affectedbyReynoldsnumber(figs.43and44). Thisconclusionisin
reasonableagreementwiththeresultspublishedinreference6. For
Reynoldsnumberslessthanthoserepresentativeoffullscale,the
majoreffectisseentobe (fig.4 ofref.6)a reductioninthe
maximumliftcoefficientC%; therefore;ifmodelpressuremeasure-
mentsarelimitedtoanglesofattacklessthanthoseof Ck for
theReynoldsnumbersinvolved,no appreciablescaleeffecttillbe
introduced.

Thecurvesoffigure43 showthesectionalliftcharacteristicsof
themodelrotorbladetestedasa wingofaspectratio8 at representa-
tivevaluesofReynoldsnumberwhichtheouterportionof theblade
experiencedduringonecycleat w = 0.30.Theinnerportionof the
modelbladeexperiencedmuchluger singlesofattackas representedin
figure45whichisalsocharacteristicoffullscale.Forthecondi-
tionof p = 0.30 theinnerportionofthebladecontributednoposi-
tiveliftintheregionof $ = 270°.Pressuremeasurementon this
portionofthebladeforbothfullscaleandmodelwouldofnecessity
include,inpart,completelystalledandlownegativevelocityregions.
ThereforethepressurevariationsduetolowReynoldsnumbereffecton
theinnerportionofthemodelbladeinthecriticalregionof the
retreatinghalfofthecycleareof coursenomoreavoidablethanin
thecaseoffullscale.

Forthesimulatedflightconditionsof p = 0.22,with e = 8°
and a= -5° asanalyzed,no scalecorrectionwasnecesssry.Although
theconditionsof v =0.50,~=0,and e= 8° and ~ = 1.0,g =0.13,
and e = 4° werenotinvestigatedindetailforscaleeffect,brief
considerationsoftheproblemindicatedthatonlya comparativelysmall
percentofthetotalrotordiskwasaffected.Inordertodetermine
accuratelytheextentofscaleeffect,eachrotorconditionneedsto
be analyzedforangle-of-attackdistributioninthecriticalregionof
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thedisk. No attempthasbeenmadeto considertheproblemto this
extent;however,it canbe reasonablyassumedthatthedataincluded
inthisreportareindicativeoftheactualfull-scalepressuredis-
tributionsfortherotorconditionssimulated.

23
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Figure3.- Rotorhubplanview.
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Figure 5.-Control and recording equipment.
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Figure8.- Rotoronhoveringmount.
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Figure9.-Wind-tunnelmount.
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Figure10.- Pressurepickup.

Figure11.- Matingsurfacesofpressweswitch.



Figure I-2.- PEssure stitch assembkd.
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Figure13. - Rotorhubdetail.



Figure 14.- DynsmLc calibration of premure measuring system.
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Figure 42.- Pressure difference in pounds per squaw inch againat azimuth
in degrees. profile, NACA ~15; speed, wo rpm; E * 0.15; P = 0.80;
o = 80; a = .5°.
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Figure 42,. Continued.
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Figure 42.- Concluded.
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Figure43.- Sectionalliftcharacteristicsofmodelrotorbladeatvarious
lowReynoldsnumbersRN.
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